The traditional approach for analysis of aerosol organics is to extract aerosol materials collected on filter substrates with organic solvents followed by solvent evaporation and analytical separation and detection. This approach has the weaknesses of being labor intensive and being prone to contamination from the extracting solvents. We describe here an alternative approach for the analysis of aerosol alkanes and polycyclic aromatic hydrocarbons (PAHs) that obviates the use of solvents. In our approach, small strips of aerosol-laden filter materials are packed into a GC split/splitless injector liner. Alkanes and PAHs on the filter are thermally desorbed in the injection port and focused onto the head of a GC column for subsequent separation and detection. No instrument modification is necessary to accommodate the introduction of the aerosol organics into the GC-MS system. Comparison studies were carried out on a set of sixteen ambient aerosol samples using our in-injection port thermal desorption method and the traditional solvent extraction method. Reasonably good agreement of individual alkanes and PAHs by the two methods was demonstrated for the ambient samples. The in-injection port thermal desorption method requires much less filter material for detecting the same air concentrations of alkanes and PAHs. This is the Pre-Published Version 2
Introduction
Organic compounds make up a significant fraction of fine aerosol mass in the ambient environment. The traditional approach for analysis of individual organic compounds is to extract aerosol materials collected on filter substrates into solvents followed by solvent evaporation and separation and detection by a gas chromatography (GC) method (e.g., 1-4).
The solvent extraction and evaporation steps are labor intensive and time consuming (up to 30 hours). They are also prone to contamination introduced from solvent impurities. In addition, the use of large quantities of solvent makes this approach an environmentally unfriendly practice.
An alternative to the solvent extraction approach is to use elevated temperatures as a means, i.e., thermal extraction or thermal desorption (TD), to transfer organic analytes from their filter substrates to an analytical system. Organic analytes released by thermal desorption can be conveniently concentrated onto the stationary phase on a GC column head. The separation and detection can then be accomplished by progressively raising the GC column temperature, similar to the analysis of liquid samples. Thermal desorption has been commonly employed for extracting volatile and semi-volatile organic species from adsorbing matrices such as solid sorbent tubes (e.g., 5, 6) . In comparison, only a handful of applications have been published on using thermal desorption of various forms for the analysis of ambient aerosol organic compounds in the past two decades (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) .
Among various forms of TD, in-injection port TD is the simplest and requires no modification to the GC injector port and no transfer line. Samples are placed inside the GC injector port and TD takes place in the injector port. In principle, it offers the highest transfer efficiency as a result of the elimination of transfer lines between the sample and the analytical instrument. The feasibility of in-injection port TD has been demonstrated in the analysis of ambient volatile organic compounds (17) (18) (19) and explosives (20) . Three studies (8, 13, 15) reported the application of in-injection port TD in the determination of aerosol organics. The 3 first study (8) presented only qualitative results. The second study (13) reported measurements of alkane and PAH concentrations using the in-injection port TD method, however, no evaluation of the technique against an established method was presented. The third study (15) made small modifications to standard split/splitless GC injectors to accommodate a small glass vial (2.5 mm O.D., 1.9 mm I.D., 6-18 mm long) inside the GC injector where the aerosol material was loaded for thermal desorption. Validation of this TD technique was documented only for polycyclic aromatic hydrocarbons (PAHs).
We describe here the application of the in-injection port TD technique to the analysis of aerosol alkanes and PAHs. In addition, this method is compared with the traditional solvent extraction method for determination of n-alkanes and PAHs in a set of ambient aerosol samples.
Experimental Section

Reagents
n-Alkanes (n-C 8 to n-C 30 ) and 16 PAHs of the highest purity available were purchased from Aldrich. Benzo[k]fluoranthene was from Acros (99%, Springfield, NJ, USA) and indeno [1,2,3-cd] pyrene was purchased from Fluka (99%, Buchs SG, Switzerland). Three nalkanes of higher molecular weight (n-C 32 , n-C 34 and n-C 36 ) were obtained from Supelco (99%, Bellefonte, PA, USA). Standard mixtures of n-alkanes and PAHs were prepared in dichloromethane solutions (99.9%, LC grade, Mallinckrodt Laboratory Chemicals, Phillipsburg, NJ, USA). Two deuterated compounds, n-tetracosane-d 50 (n-C 24 D 50 ) (98%, Aldrich, Milwaukee, WI, USA) and phenanthrene-d 10 (phe-d 10 ) (98%, Aldrich), were used as internal standards (IS) and prepared in dichloromethane.
Aerosol samples
A set of sixteen aerosol filter samples was analyzed for n-alkanes and PAHs using both the solvent extraction method and the thermal desorption method. The aerosol samples were collected onto 100 mm Teflon-impregnated glass fiber filters (TIGF) at a flow rate of 0. 
The thermal desorption method
Two filter strips of 1 × 1.45 cm in size were cut from the 100 mm filter using a stainless steel punch over a clean surface made of a pre-baked aluminum foil sheet. 
The solvent extraction method
The entire remaining portion of the sample filter, after removal of the two 1 × 1.45 cm pieces for TD analysis, was used for the determination of n-alkanes and PAHs using the solvent extraction method. The IS, n-C 24 D 50 , was spiked on the filter before solvent 6 extraction for monitoring losses in the whole analytical procedure. The filters were then extracted in a soxhlet extractor with 300 ml dichloromethane for at least 6 h at a rate of 5 cycles per hour. The soxhlet extractor was wrapped with aluminum foil during the extraction step to minimize UV exposure. The extract was first reduced to ~ 6 ml using a rotary evaporator (Model R-124, Buchi, Switzerland) before being transferred to a smaller round bottom flask for further volume reduction to less than 0. odd-number n-alkanes (n-C 27 to n-C 35 ) were approximated to be the mean recovery of the two immediate adjacent even-number alkanes. For the determination of the recoveries of the volume reduction step, n-alkane and PAH standards were mixed with 300 ml dichloromethane. The volume was reduced to 1 ml. The recoveries of the filtration step were determined by analyzing the same standard mixtures with and without filtration.
Results and Discussion
The thermal desorption temperature
The desirable TD temperature needs to meet two criteria, complete desorption of target 
Thermal desorption duration
The optimal TD duration is the minimum time that is required for complete TD of 
Calibration of the thermal desorption method
The calibration mixtures included twenty-four n-alkanes from n-C 8 to n-C 36 and eighteen PAH compounds. We found that analytes with boiling points lower than 235 o C, including n-alkanes smaller than C 13 and the most volatile PAH (i.e., naphthalene) of the 18
PAHs, were not detected at all calibration levels up to 120 ng for n-alkanes and 60 ng for naphthalene. Tables 1 and 2 The calibration curves were plotted as the peak area ratios between the quantification ions for the analytes and the respective IS versus the amount of analytes in nanograms. The ranges of the n-alkanes and PAHs in the calibration samples, at levels from ten to hundreds of nanograms, encompassed the ranges encountered in the ambient samples. The largest common fragment ion at m/z 57 for n-alkanes was selected for quantification. The PAHs typically had an abundant presence of their molecular ions in their mass spectra.
Consequently, the molecular ions were used for quantification. None of the odd number nalkanes from n-C 27 to n-C 35 was commercially available. Their response factors were approximated to be the mean response factor of the two immediate neighboring even number alkanes. Tables 1 and 2 list the calibration slopes, intercepts, and coefficients of determination for the alkane and PAH standards. The coefficients of determination are close to 1, demonstrating that the TD technique is quantitative.
The limit of detection (LOD) of the method is defined as the minimum amount of an nalkane or a PAH that generates the minimum distinguishable signal plus 3 times the standard deviation of the blank signals. No peaks were detected for either n-alkanes or PAHs in the blank calibration samples. As a result, we approximated the mean blank signal with the calibration line intercept and the blank signal standard deviation with the standard error for the y (peak area ratio) estimate (22) . By this approach, the LODs in nanograms per sample were calculated to be in the range of 0.41-6.32 ng for n-alkanes and 0.08-2.40 ng for PAHs (Tables 1 and 2 ). These numbers translate into air concentrations of 0.023-0.240 ng/m 3 for nalkanes and 0.005-0.137 ng/m 3 for PAHs if we assume a sampled air volume of 350 m 3 .
Solvent extraction recoveries
Lower recoveries were obtained for shorter chain n-alkanes. The extraction recoveries for n-C 13 to n-C 21 alkanes ranged from 69% to 87% whereas better than 91% were obtained for n-C 22 to n-C 32 alkanes (Figure 3 ). Similar to the trend of n-alkanes, the lighter PAHs also showed poorer recoveries. Naphthalene had a mere 5% recovery, indicating a large evaporative loss in the solvent extraction method. The evaporative loss could occur during a few steps, including the spiking step, the soxhlet extraction step, and the volume reduction The recoveries of two single steps in the solvent extraction method, volume reduction and sample filtration, were also separately determined in an effort to better characterize the method performance. The near unity recoveries of the filtration step indicated that filtration through a Teflon membrane syringe filter caused little loss of the target analytes. The recoveries of the volume reduction step indicated loss of analytes at a similar magnitude to those resulting from the entire extraction procedure. The differences in the recoveries of the whole procedure and the solvent reduction step were less than 10% with the exception of the three lightest PAHs (NAP, ACY, and ACE). This result indicates that the solvent evaporation step was primarily responsible for analyte loss in the solvent extraction method. The three lightest PAHs had recoveries of the volume reduction step 59%, 17%, and 12% higher than the recovery of the whole extraction process, respectively. These percentages suggest that other steps in the extraction method (e.g., soxhlet extraction) and likely evaporation from the filter with the spiking solvent before solvent extraction (23) also contribute to a significant portion of their losses.
Method comparison
Solvent extraction with subsequent liquid injection in GC-MS analysis is a standard method that has been widely utilized in the determination of organic compounds in aerosol filter samples. The extraction procedure has been well tested and defined (1) . The LODs of the solvent extraction method were also obtained by the same methodology used in the determination of the LODs of the TD method (Tables 1 and 2 ). The LOD values, when expressed as nanograms per injection (or analysis), are on average 7-8 times lower in the solvent extraction method than those in the TD method. However, the TD method utilized the whole sample while only a small fraction (0.5%) of the final solvent extract was utilized in the solvent extraction method. The higher sample utilization rate in the TD method more than compensated for its higher LODs on the basis of nanograms per analysis. Tables 1 and 2 compare the LODs in terms of ng/sample, which are better indicators for the minimal amount of analytes necessary for quantification in each method. Under the conditions specified in the experimental procedure, the TD method provides LODs (ng/sample) that were 12-120 times better for n-alkanes and 9-500 times better for PAHs than did the solvent extraction method.
The final pre-analysis volume of the aerosol solvent extract was fixed at 1.0 ml in our work.
In practice, this volume could be reduced to as low as 0.1 ml, which would reduce the LODs (ng/sample) by 10 fold in comparison with the use of 1.0 ml. If the final extract volume was pushed to the lowest limit of 0.1 ml in the solvent extraction method, the TD method would still provide LODs ranging from being comparable to 50 times lower in comparison with the solvent extraction method.
Two total ion chromatograms (TIC) for a same filter sample using the two methods are shown in Figure 4 . A comparison of the two chromatograms clearly shows that fewer contamination peaks were present in the chromatogram obtained using the TD method. This confirms that solvent impurities are major sources of interferences in the solvent-based analytical method.
The extent of agreement in the air concentrations determined using the two methods could be assessed as simple linear fits. A good correlation was found between the two methods for both n-alkanes (R 2 = 0.94) and PAHs (R 2 = 0.95) ( Figure 5 ). Table 3 summarizes the comparison results for individual alkanes and PAHs. The concentrations of a few n-alkanes, i.e., n-C 14 , n-C 15 and n-C 36 , were below their respective LODs in the solvent extraction method, although the TD method could quantify their amounts. As a result, a comparison is not possible. This again demonstrates the improved sensitivity using the TD method. Among the alkanes and the PAHs for which a comparison was possible, the ratio of the concentration measured by the TD method to that by the solvent extraction method was calculated to range from 0.60 to 1.36. The deviation from the ideal value of 1, therefore, did not exceed 40%. Such a level of agreement between the two methods was reasonably good when one considers the following two aspects with the solvent extraction method. First, the recoveries for the solvent extraction method were established by spiking standards onto blank filters, but the matrix of blank filters could be considerably different from the matrix of atmospheric aerosol particles. Second, the recoveries were determined at a single concentration level for each analyte and as a result any concentration-dependence was not accounted for. The complicated nature of the sample pretreatment with the solvent extraction method also serves to demonstrate the advantages of the TD method.
The ratios appeared to be analyte-dependent among the n-alkanes. The ratio reached a maximum value of 1.26 for the n-C 28 alkane and showed a decreasing trend for n-alkanes of either increasing or decreasing volatility relative to the n-C 28 alkane. The n-C 25 alkane had the best agreement between the two methods. However, the ratios for the five PAHs detected did not show a clear analyte-dependence. The TD method reported high concentrations of the five PAHs than the solvent extraction method by 15-36%. These five PAHs have a volatility range similar to that from n-C 20 to n-C 32 . Therefore, volatility alone could not explain the various measurement discrepancies among different analytes between the two methods. One possible additional cause was the concentration-dependence of the recoveries; however, this remains a speculation that needs experimental evidence.
Conclusions
We demonstrate the feasibility of using in-injection port thermal desorption for analysis of n-alkanes (n-C 13 to n-C 36 ) and PAHs collected on aerosol filters. This approach does not require any modification of existing GC-MS. In comparison with the traditional solvent extraction method, it has the unique advantages of reduced labor and time by avoiding sample pretreatment and requiring less filter material for analysis. The suitable analysis conditions such as thermal desorption time and duration were identified for analysis of nalkanes from n-C 13 to n-C 36 and PAHs heavier than naphthalene. Although not included in the test standards in this study, other nonpolar aerosol organics such as hopanes, steranes, phthalates, iso-, and anteiso-alkanes could be quantified along with n-alkanes and PAHs using the injection port TD/GC-MS method. The LOD in ng/sample in the thermal desorption method was based on a sample size of a 2.9 cm 2 filter piece. c The LOD in ng/sample in the solvent extraction method was based on a sample size of a pre-analysis filter extract of 1.0 ml. An aliquot of 5 µl was injected for each injection. Table 2 . Figure 3 . Recoveries of the filtration step, the volume reduction step, and the whole procedure for n-alkanes (Top) and PAHs (Bottom). Abbreviations of PAHs are given in Table 2 . Figure 3 . Recoveries of the filtration step, the volume reduction step, and the whole procedure for n-alkanes (Top) and PAHs (Bottom). Abbreviations of PAHs are given in Table 2 . 
